Abstract-The results of studying the surface damageability of pure metals found in the course of fatigue tests are described. The character of the rate dependence for resistance of cyclic deformation of metals upon vary ing the frequency of loading cycles, homological temperature, and stacking fault energy are described.
INTRODUCTION
Material property to resist the fatigue destruction becomes especially important in connection with the complication of modern constructions; hardening operational modes; and a multiple increase in fre quencies and velocities of newest machines and aggre gates, as well as an intensification of their operation. An analysis of the failure [1] of machine components and constructions shows that the most of them occur due to the fatigue of metals under which we assume the gradual damage accumulation in material under the effect of variable loads, which leads to the appearance of the fatigue crack, its development, and final failure [2] . Often cases of fatigue failure are explained by insufficient understanding the phenomenon of fatigue of metals, which is characterized by exclusive com plexity and variability of processes occurring in mate rials in conditions of the effect of variable loads, as well as the large sensitivity of these processes to the influ ence of various manufacturing, operational, and con structive factors [3] [4] [5] .
One such factor is the cyclic loading frequency (ω). An investigation of its influence on the variation in strength and longevity of metals is very important, since this influence is inseparably associated with sur face effects in samples (parts), while those are com plexly associated with fatigue resistance characteristics of materials.
An analysis of domestic and foreign publications on the influence of cyclic loading frequency on the strength and longevity of machine components and construc tions gives no exhaustible information [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The insufficiency of fundamental knowledge of factor ω is explained firstly by the complexity of physical pro cesses occurring in the surface layer of metals and experiment duration. Therefore, a more detailed investigation into this question is required.
To evaluate the influence of surface effects on fatigue of materials, the authors of [5, [9] [10] [11] [12] proposed the following parameters: surface damageability (Φ) and slope tangent of the left branch of the fatigue curve to axis of cycles (tanα w ).
This study is aimed at revealing the features of the velocity effect with the application of the tempera ture-velocity dependence of deformation resistance of pure metals upon varying the frequency of loading cycles from the viewpoint of surface damageability.
EXPERIMENTAL RESULTS AND DISCUSSION
Based on the experimental data [11, 12] , metals can be divided into two main groups; the first one (Cd, Bi, Ti, Ni, Y) manifests an increase in fatigue strength with an increase in the cyclic loading fre quency, while the second one (Cu, La, Zn) gives the inverse pattern. Indium and gallium enter none of these groups due to the high homological temperature of testing.
The analysis of the experimental data shows that an increase in the fatigue strength (with a decrease or an increase in ω) almost always leads to a decrease in the slope angle of the left branch of the fatigue curve to the axis of the number of cycles (tanα w ). This is not (Fig. 1) , which, although it enters the first group of metals, nevertheless, based on the test above 10 6 cycles, refers more to the second group than to the first one. An increase in the slope is con firmed by the investigation into the structural varia tion, i.e., by the formation intensity of broad slop bands associated with the development of transverse slip. For example, the lower ω for cadmium is, the more abrupt the slope of the fatigue curve is and the lower fatigue strength is (Fig. 2) . A similar pattern is observed for bismuth upon varying ω to 100 Hz (see Fig. 1 ). The transverse slip is strongly developed for titanium VT1 00 and nickel at ω = 46.7 Hz [6, 7] and "poor fatigue resistance" is noted in this case. The influence of ω damps at frequencies equal to 100.0 and 233.3 Hz; the transverse slip is identically intense in both cases.
A decrease in the fatigue strength in the second group of metals, which occurs due to an increase in the slope of fatigue curves, is also caused by the transverse slip intensity. For example, it is more strongly devel oped for copper [11, 12] at ω = 233.3 Hz than at ω = 100 Hz. A presence of the weakly developed transverse slip, which is not observed at ω = 23.5 Hz, is noted for zinc ( Fig. 3 ) with an increase in frequency (ω = 46.7 Hz). The main factor conditioning the fatigue strength of zinc is twinning (see Fig. 3 ), which should enhance with an increase in frequency in connection with an increase in the deformation rate thereby lead ing to a decrease in the fatigue strength.
When analyzing the influence of the frequency of cycles, we can apply the temperature-velocity depen dences of deformation resistance of metals, since we are speaking about plastic deformation [7, 11] in sur face layers when considering the cyclic loading. A homological temperature is defined by the ratio (1) where T exp = t exp + 273 is the experiment temperature, K; T m = t m + 273 is the melting point of metal, K.
The experiments were performed at room temper ature; therefore, according to (1), the homological temperature for various metals will substantially differ at the same experimental temperature.
The velocity effect for bismuth and cadmium (θ = 0.5) is expressed more strongly (see Figs. 1, 2) than for lanthanum (θ = 0.24). However, we should keep in mind that the influence of velocity on stress at the premelting temperature can become weaker, which is confirmed at tests of gallium (θ = 0.96) and indium (θ = 0.75). In this case, the longevity is defined by the creep, which is known to be associated with time rather than with the number of loading cycles.
The surface layer is deformed before the massif of the solid body [12] [13] [14] [15] [16] . The more easily the surface layer is deformed, the more strongly the material sur face is damaged (the larger the magnitude of Φ is). The damageability of the active layer and surface itself is described by the expression of the form [11, 12] ( 2) where U d.l is the damageability parameter of the active surface layer; τ is the stress affecting the dislocation loop; B s.f is the stacking fault area; U t is energy thresh old of damageability of the surface layer; K j is the parameter associated by an inverse dependence with the transverse size (thickness) of the surface layer j; and K y is the parameter defining the medium resistance to the physical process of plastic deformation, or the strength ening parameter of the surface layer material.
The energy threshold of the damageability onset (U t ) increases because of an increase in strength (at ω 2 > ω 1 → σ ω2 > σ ω1 ) due to an increase in the metal resistance to the shear deformation (K y increases) and damageability parameter of the active surface layer (U d.l ): (3) where is the energy that depends on the strength of the oxide film, U n.p is the energy associated with the magnitude of the negative pressure (surface tension holding the solid body as the ensemble), is the energy that is determined by the ratio of the surface No. 6 2015 area (S s ) to the volume (V), and U s.s is the energy that depends on the substance strength (we bear in mind the material of a thin surface layer). The consequence of this fact is a decrease in inten sity of the transverse slip and a decrease in the magni tude of tanα w .
The nature of appearance of broad bands is associ ated with the transverse slip, the activation energy of which is inverse to the stacking fault energy (γ). The lower γ is, the better the material is at deformation strengthening, and medium resistance to the passage of the physical process of plastic deformation becomes higher. A narrow dislocation has a higher stacking fault energy and moves in the slip plane more freely than a broad dislocation with low γ. A narrow dislocation also moves transversely more freely. Consequently, the higher the stacking fault energy is, the larger the prev alence of the softening effect over the hardening effects is, and the smaller medium resistance to the passage of the physical process of plastic deformation by means of the slip of split dislocations is. A parame ter which defines the medium resistance to the physi cal process of plastic deformation, or the hardening parameter of the material during the slip of split dislo cations, is denoted as K y (formula (2)). Consequently, K yγ1 > K yγ2 at γ 1 < γ 2 . Dependences of surface damage ability (Φ) and the slope of the left branch of the fatigue curve (tanα w ) of certain pure metals on the stacking fault energy upon varying the cyclic loading frequency are considered in detail in [12] .
The measure of surface damageability is the forma tion intensity of slip bands. Tests of metals and alloys showed that the more intense the development of broad bands is, the steeper the slopes of fatigue curves constructed in logarithmic coordinates are, i.e., the larger the magnitude of tanα w is.
Tests of copper samples in various temperature conditions point to the fact that slip bands are rela tively straight-linear [11, 12] . The fatigue curve is sloped rather gently. Microstructural investigations revealed the presence of "rough" and deep bands, which have the form of submicrocracks, even at stresses below the fatigue limit; however, we should bear in mind that they are arranged at a large distance from each other, and the lower the stress is, the larger this distance is. A catastrophic crack is nucleated at the grain boundary in the place where the slip bands touch it. The observations of microstructural variations show that the transverse slip in copper is developed relatively weakly, which agrees with relatively low stacking fault energy in it. The character of slips and their formation intensity strongly differ from those ones for metals with high stacking fault energy. The fatigue curve for copper has considerably smaller slope compared with metals with stronger intensity of slip bands [12] .
It follows from [11, 12] that the deformation in zinc occurs mainly by twinning and the destruction has the intergranular character. Electron microscopy investi gations revealed no transverse motion in zinc [12] . However, slip bands are observed in purer zinc. Despite the fact that the transverse slip is not very probable in it, it becomes possible under definite favorable conditions. The transverse motion in zinc occurs simultaneously with twinning; twins are also formed at elevated temperatures. The simultaneous effect of twinning and transverse slip lead to a strong increase in the slope of fatigue curve with an increase in temperature.
Developed slip bands appear with time in the over whelming majority of grains in chemically pure cad mium. They have a specific straight linear appear ance, being arranged at a small distance from each other; they almost merge when the band is destructed. Electron microscopy investigations showed that slip bands in cadmium could be indeed interpreted as the result of the transverse slip [11, 12] . The straightness of bands is caused by the crystal lattice; it is known that there are a few slip systems in it. Crests and hollows of the type of extrusions and intrusions are observed well, which indicates the presence of transverse slip. The failure character in cadmium is mixed.
Intense transverse slip in pure titanium worsens the resistance to fatigue failure, and the slope of the fatigue curve to the axis of the number of cycles increases [11] . The temperature factor is not aggravat ing in this case. No strongly developed transverse slip is observed. The plastic deformation at a normal tem perature occurs by thin slip with the participation of the transverse slip, which has a form of small bends. The slope of the fatigue curve in titanium increases as the temperature increases, which is confirmed by the enhancement of intensity of the transverse slip [11, 12] . Slip bands can be interpreted resulting from the transverse slip, which can be associated with a low value of γ. It was established [12] that strongly developed transverse slip and, in connection with this, the steep slope of the fatigue curve to the abscissa, are also observed for nickel.
A weak temperature dependence of fatigue resis tance, which manifests itself in a close (along the ordi nate) arrangement of fatigue curves found at various temperatures to each other, is found for metals with a low value of γ and small magnitudes of tanα w . On the other hand, a strong temperature dependence of strength and longevity is observed for metals with large γ and steep slopes of fatigue curves to axis N. Fatigue curves at corresponding temperatures are at large dis tances from each other in this case. Among this group metals, nickel [12] behaves anomalously. Transverse slip is developed rather strongly for it, which follows from electron microscopy images [10, 11] . The failure has an intragranular character. An increase in temper ature does not lead to a change in the mechanism, and the temperature dependence of the fatigue resistance parameter is pronounced weakly. The behavior of grain boundaries for titanium is similar to nickel. However, the boundary failure is nevertheless observed for titanium, and it behaves similarly to copper in this sense.
Let us analyze our data found when studying the fatigue resistance and microstructure at a constant homological temperature (θ). It was already men tioned that the stacking fault energy determines the intensity of transverse slip, which leads to the accumu lation of the fatigue damage in slip bands. Then a tear is formed in the boundary because of shear during the residual band loosening and its contacting with the grain boundary; the larger the number of bands is, the larger the number of tears is, and the more intense the crack development over the boundary is. The last circumstance lowers fatigue resistance parameters of the material in a form of increasing the slope of the fatigue curve, which leads to a decrease in the number of cycles before failure.
The comparison of fatigue curves of metals with the same crystal structure at θ = const shows that they have different slopes to abscissa. For example, tanα w for titanium is lower than for cadmium, while that of cadmium is lower than that of zinc. Rare broad and bent slip bands, the distance between which is rather large, are observed for titanium at this homological temperature. These bands are deep and have ragged edges [5, 6] . All these facts evidence the weakly devel oped transverse slip, i.e., good resistance of the mate rial to fatigue failure.
The slope of fatigue curves for various metals at θ = 0.14 also turns out different [10] . Quantity tanα w has especially large value for bismuth, the transverse slip in which is developed rather strongly. Pure tita nium gives a fatigue curve with a large slope to abscissa in this case. The fatigue curve of yttrium has an average slope. The left branch of the fatigue curve of nickel has the steeper slope to abscissa. Yttrium occupies a cer tain medium position. The gentle fatigue curve for indium can be caused by its very high plasticity; i.e., tanα w depends on plasticity as well [6] .
The value of tanα w at homological temperature θ = 0.25 is somewhat larger for lanthanum compared with titanium. Quantity tanα w for copper is higher than for titanium [11] . The steepest slope to abscissa is revealed for the fatigue curve of nickel.
Both cadmium and zinc have steep slopes of fatigue curves at θ = 0.5 [5] . Angle α w for them almost coin cides (it is insignificantly larger for zinc).
The difference in fatigue curves for various metals at θ = 0.6 is rather significant, and a general noticeable increase in angle α w is observed in this case. Copper has the smallest angle, the angle for cadmium is much larger, and the angle for zinc is even larger than for cadmium [11, 12] . The slope of the fatigue curve for gallium is somewhat larger than for copper.
The values of tanα w become even larger at θ = 0.9, and tanα w for cadmium is larger than for gallium.
Tests of metals at a frequency of load application of 100 Hz showed that the slope of the fatigue curve varies according to a definite law [5] . For example, the mag nitude of tanα w for titanium tested at θ = 0.15 is con siderably smaller than for yttrium. The value of tanα w for copper at ω = 100 Hz and θ = 0.24 is smaller than that of lanthanum.
The comparison of magnitudes of the stacking fault energy, structural variations, and the slope of fatigue curves at the same homological temperature showed that the higher γ is, the stronger the transverse slip developed is and the steeper the slope of fatigue curves is. Even zinc does not fall out of this dependence (Fig. 3) . It seems likely that this effect is explained by a high twinning rate. The failure in zinc at normal and elevated temperatures usually has an intergranular character. Depressions similar with submicroscopic tears are observed at the twin boundary in this case. The crack at the grain boundary appears in the place when the twins meet it. A high twin growth rate leads to the rapid contact with grain boundaries, and a tear of boundaries occurs in this place. Twinning is proba bly associated with embrittlement of materials in this case. Rapid twinning in zinc defines the exhaust of the plastic deformation, which decreases the number of cycles to the failure and leads to an increase in steep. The density of slip bands increases with an increase in temperature (the rate effect enhances); i.e., the trans verse slip increases. The slope of fatigue curves increases with an increase in temperature. CONCLUSIONS (i) The rate effect manifests itself under the condi tion ω 2 > ω 1 , when stress σ ω2 always larger than σ ω1 , which is observed for tested metals in various degrees, excluding the cases referred to deformational aging.
The higher the homological temperature of the test (θ) is, the stronger the rate effect pronounced is.
(ii) When comparing metals in conditions of identi cal homological temperatures (for example, bismuth and cadmium) (see Figs. 1, 2) , the rate effect turns out stronger for metals with the higher stacking fault energy, which is observed for bismuth (γ = 300 mL J/m 2 ) com pared with cadmium (γ = 150 mL J/m 2 ). This fact is confirmed by the character and intensity of slip bands and agrees with the question theory, since < and for intensity of function U d.l we have |K y K j | Bi < |K y K j | Cd , which leads to relationship < (iii) The rate dependence enhances at identical val ues of θ and γ in the sequence of crystal structure types: fcc-hcp-bcc-AK.
